. A reduced q 95 limit is found for hydrogen discharges.
I. Introduction
This paper reports on recent edge measurements on the Alcator C-Mod tokamak (CMod), primarily in the "Enhanced D α ", or EDA, H-mode regime. The "high confinement", or "H-mode" regime, first discovered on the Axisymmetric Divertor Experiment (ASDEX) in 1982 1 , is characterized by a decrease in particle and energy transport, and consequent steepening of density and temperature gradients, in a narrow region just inside the last closed flux surface (LCFS). In recent years it has become apparent that the plasma parameters at the top of the transport barrier, or 'pedestal', can strongly affect global confinement, not only increasing the stored energy, W, by the height of the pedestal but also modifying the boundary conditions of core transport. Several experiments, notably C-Mod and ASDEX-Upgrade 2, 3, 4 , have shown correlations between edge T e and core confinement and core T ∇ , or between edge pressure and W. Such sensitivity has led to experimental and theoretical efforts to understand the physics and scaling of the edge pedestal 5 , and to increase pedestal temperature and pressure.
Unfortunately, there is a serious negative consequence to increasing pedestal energy. In most high power experiments, the edge pressure is regulated by Type I Edge Localized Modes (ELMs) 6 . The edge gradients collapse periodically due to a magnetohydrodynamic (MHD) instability, expelling much of the energy in the pedestal to the scrape-off-layer (SOL). This energy, which can be 5-10% percent of the total W, is rapidly transported to the divertor plates.
Extrapolations to a reactor-grade plasma such as the International Tokamak Experimental
Reactor (ITER) show that the resulting heat pulse would cause unacceptably high erosion of divertor plates 7 . From a divertor standpoint, smaller, more frequent ELMs such as Type III ELMs are preferable. However, these seem to occur when edge T e , and thus confinement, are only moderately above L-mode.
The Enhanced D α regime found on C-Mod may satisfy the conflicting requirements of high confinement and divertor heat loads. In this regime the pedestal is regulated by a continuous transport process, rather than by periodic MHD events. First observed in 1996 8 , it is characterized by much lower particle confinement than ELM-free H-mode, leading to steadystate conditions and lower radiated power 9 . ) of CMod, the device occupies a unique parameter space and has very narrow pedestals, with widths ∆ < 1 cm 10 . Much of the recent progress in understanding the EDA regime has come from improved measurements of the profiles and fluctuations in the pedestal region.
In the next section, the steady-state profiles and time evolution of pedestal parameters,
primarily n e and T e , are presented. Since the results turn out to be similar in ELM-free and EDA H-modes, both regimes are covered. Section III gives detailed observations in the EDA regime, in particular of quasi-coherent fluctuations which are found to cause the enhanced particle transport. The conditions to access the regime are examined. Possible physical explanations for the fluctuations are discussed in Section IV.
II Pedestal characteristics and evolution

A. Diagnostics
Several high resolution diagnostics have been added to measure both pedestal profiles and fluctuations. Of particular importance is a new high resolution edge Thomson scattering (TS) diagnostic 11 , which samples the plasma vertically at up to 22 spatial points, giving radial resolution δR of 1.5 mm when mapped to the midplane, and measures T e and n e every 33 ms. T e profiles are also measured with two electron cyclotron emission (ECE) polychromators at the midplane, which have lower spatial resolution but sub-ms time resolution 10 . The density pedestal can also be inferred from a CCD (charge coupled device) array measuring visible bremsstrahlung 12 , proportional to n 2 Z eff /f(T e ), which has δt=1 ms and δR = 1 mm. Two soft xray arrays, with δR =1.5 mm, are mainly sensitive to pedestals in the density of medium Z impurities, primarily fluorine. 13 High resolution diagnostics of XUV and deuterium Lyman α emission enable the photon radiation and local neutral density and ionization rates to be , which are typically all in or near the pedestal region 16 . Phase contrast imaging (PCI), viewing vertically and integrating along vertical chords, is able to resolve fluctuation wavenumbers along the major radius using 12 channels with 3 mm radial spacing. Two scanning Langmuir probes measure fluctuations in density and 4 potential, as well as edge n e and T e profiles. For some discharges a magnetic fluctuation probe was added to the midplane probe head.
B. Pedestal parameters
An example of pedestal profiles in T e , n e , p e and soft x-ray and XUV emissivity, obtained in an RF heated EDA H-mode discharge, is shown in Fig.1 . In order to compare data from various diagnostics, all parameters are mapped to the outer midplane. Uncertainties in flux reconstruction using EFIT 17 , and in diagnostic positions, give rise to relative errors ~ 5 mm. It can be seen that all plasma parameters vary sharply over only a few mm, with n e and impurity densities having the narrowest widths. The steepest pressure and T e gradients, exceeding 10
MPa/m and 60 keV/m respectively, occur in the outer part of the pedestal, where n e also drops sharply. At this point T e is less than 200 eV, so that the collisionality ν* is typically 5-10. Inside . The heights of the T e and n e pedestals show fairly clear dependences. As might be expected, n e,ped is proportional to e n . The edge temperature at ψ=0.9 scales as ( ) which have been reported on the Japan Tokamak-60 Upgrade (JT-60U) and DIII-D experiments 19, 20 , but consistent with measurements on ASDEX Upgrade 21 . As has been reported previously, the width of the x-ray pedestals does decrease with I p
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. Our present understanding is that this reflects the width of the impurity barrier, formed near the top of the density pedestal as a result of neoclassical pinches, and that it depends on the particle diffusivity 13 . The outboard x-ray width is also the only one to show a systematic difference between ELM-free and EDA plasmas. It is wider in EDA, consistent with the higher observed impurity particle transport 22 . T e and n e pedestal profiles in ELM-free and EDA H-modes with similar global parameters are indistinguishable.
The stability of ideal infinite-n ballooning modes in the pedestal has been analysed using TS profiles, assuming T i is equal to T e to derive the total pressure. For a discharge similar to 6 that shown in Fig. 1 which had P ∇ up to 12 MPa/m, near the maximum observed to date, the gradient is found to exceed the first stability limit calculated using only ohmic currents, by about 40%. However, when the collisional edge bootstrap current is included in EFIT reconstructions, the limit increases and a narrow region of apparent second stable access appears. The pedestal is then found to be stable to ideal ballooning.
C. Time evolution
Since C-Mod uses ion cyclotron resonance heating (ICRH), which has continuously variable power, and the edge parameters are measured with millisecond time resolution, the time evolution of the H-mode pedestal can be followed both at the L-H and H-L transitions and as a function of power. Figure 2 illustrates the behaviour of T e and n e , both at r/a=0.86 which is inboard of the edge transport barrier, for an EDA H-mode discharge in which P RF was slowly The fast evolution at the L-H transition of a similar discharge with a power ramp is shown in Figure 3 (a). Both edge T e and n e rise sharply, with initial rates of ~20 keV/s and 2.3
/s respectively. All ECE channels in the edge region show a simultaneous break in slope, within the experimental determination of 0.5 ms; the rate of increase is largest near the top of the pedestal. Variation of dP/dt from 0.6 MW/s to 11 MW/s did not give a systematic variation of dT e /dt, indicating that the edge T e is not a unique function of the incremental power P-P thresh . Rather, the rate of increase in energy is consistent with a sudden drop of χ e across the transport barrier, so that the whole input power P thresh is effectively blocked and contributes to the rapid pedestal formation. dependence. The evolution of a lower density, ELM-free discharge is shown in Fig. 3(b) and is again fairly well described by Eq. 1, taking the same conductivities; the experimental w ped is slightly higher. However, the relative contributions of T e and n e are very different. 
III. EDA H-mode
A. Global Characteristics
The defining global feature of EDA H-modes is that they have much lower particle confinement, both of the main species and of impurities, than ELM-free H-modes. The lower τ p in EDA has been shown most clearly by impurity ablation experiments 24 , and is also reflected by a decrease in the rates of rise of both density and radiated power. n e and P rad usually reach a steady state, as shown in Fig. 4 . Steady phases of up to ~8 τ E have been achieved, limited only by the duration of the plasma discharge and the RF power. The change in τ p is usually accompanied by an increase in the D α emission to a level comparable to L-mode, leading to the name of the regime. Energy confinement in EDA H-mode is also lower than in ELM-free Hmodes, but by a much smaller fraction than the particle confinement. The H-factor, defined as the ratio of τ E to the H-mode scaling τ ITER89-P
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, can be up to 2, with ~1.8 being more typical. τ E is consistent with the ELMy H-mode scaling, ITER98y2 26 . The major advantage of the EDA 10 regime over Type I ELMy H-mode is that the increased particle transport occurs by a continuous, rather than an intermittent, process.
B. Fluctuation Measurements
Coincident with the observed increases in particle transport in the EDA regime, quasicoherent (QC) edge fluctuations are always observed on several diagnostics. The time evolution of density fluctuation spectra on PCI and reflectometer signals for three short H-modes is shown in Fig. 5 . The first H-mode is ELM-free, and shows no feature. In the two EDA H-modes, a peak in the spectra appears, with f initially above 200 kHz and subsequently decreasing to 120 kHz as the pedestals evolve. The peak frequency in steady EDA is usually in the range of 50-150 kHz. The frequency spectrum, which has ∆f/f ~0.05-0.2 (full width half maximum), and the wavenumber spectrum, centered at k R~6 cm . While the PCI cannot provide spatial localization, this information is obtained from the and with the lack of signal on limiter coils, which cannot detect levels below10 -7 T. In contrast, Type III ELM precursors measured by the scanning magnetic probe during the same discharge series, which had f~160 kHz, were seen by wall-mounted probes with an amplitude only ~20 times lower than near R sep . This is consistent with a lower k θ ~ 0.5 cm -1
, as has previously been reported for ELM precursors 27, 28 . The QC mode thus differs from such precursor activity.
C. Conditions to access the EDA regime
EDA H-modes have now been obtained routinely on C-Mod over several run campaigns and a wide range of plasma conditions. Systematic studies of the parameters which favour access to the regime have been performed. As has previously been reported 24 , the most consistently important conditions are the safety factor, q, and the plasma triangularity, δ. In deuterium plasmas, low q 95 (< 3.5) and low δ (< 0. . As the density was raised shot to shot, fluctuations appeared and particle transport became progressively stronger. . In particular, the amplitude of the QC density fluctuation correlates well with all measures of particle transport, giving further evidence that this mode is indeed responsible. This 'soft' threshold for EDA is typical of other boundaries, such as those in q or δ, so that some discharges are difficult to classify as ELM-free or EDA. It should be noted that the threshold density, while higher than typical densities on other tokamaks, is quite low for C-Mod, only 15% of the Greenwald density limit and close to the low density limit for obtaining H-modes. It is thus not clear how to extrapolate this condition to other devices. The actual threshold is likely to depend on a related quantity, such as the midplane neutral pressure, pedestal density or n ∇ , or edge collisionality. All of these parameters are closely correlated; in particular, the low density ELM-free discharges had ν* < 1 at the pedestal midpoint, whereas more typical higher density H-modes have ν* ~5-10.
IV. Discussion
H-modes with at least some similarities to the EDA regime have been observed in several other experiments. Quasi-coherent fluctuations which had many similar features to those on CMod were reported in early H-modes on the Princeton Divertor Experiment (PDX) 31 . These tended to occur in short bursts and were apparently seen in most H-modes, including those with /q, so that they become more unstable at high q, consistent with EDA observations.
The substantially lower q threshold found for EDA in H vs D discharges is also consistent with such a scaling. We plan to study the growth rates of this instability, and its dependence on parameters such as shaping and ν*, using a gyrokinetic stability code.
While more theoretical and experimental work remains to understand fully the physics of the EDA regime, the results to date show that steady state, high confinement discharges can be reliably and reproducibly produced under a wide range of plasma conditions. The regime appears attractive for fusion reactor applications, provided sufficient plasma shaping is possible.
Comparison of EDA with similar regimes on other tokamaks would be very useful in order to build up a database of results under different dimensional conditions and identify which dimensionless parameters, in particular those related to density, might be important.
